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Human vascular progenitor cells 

The present invention relates to human vascular progenitor 
cells obtainable by -isolation frcxn a tissue selected from 
explants of human foetal aorta, htiman liver and human foetal 
heart • 

If cultured in a three-dimensional collagen matrix, these 
cells are capable of forming new capillary-like vascular 
structures ex vivo, 

A subject of the invention is therefore human vascular 
progenitor cells as defined in Claim 1. 

The cells of the invention are also capable of being e3cpanded 
in vitro whilst remaining in an undifferentiated form, which 
renders them particularly suitable for use in a series of 
medical applications which provide for the regeneration 
and/or repair of vascular structures or tissues. 

The progenitor cells of the invention were first of all 
isolated from human foetal aorta explants in the 'course of 
experiments directed towards studying the ability of the 
human foetal aorta to give rise to new vascular stiructures in 
vitro. These progenitor cells were then also isolated from 
human foetal liver and heart. 

A second subject of the invention is therefore a method of 
isolating vascular progenitor cells as defined in Claim 5. 

In order to study the ability of the human foetal aorta to 
give riise to new vascular structxires, aortic ring escplants 
from 10-12 day embryos, embedded in collagen gels, (Elsdale 
and Bard, 1972, J. Cell Biol. 54:626-637; Nicosia and 
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Ottlnetti, 1990, Lab. Invest. 63:115-122) were observed for 
10 days. 

During the first 24 hours, there were no significant changes, 
although a few spindly, fibroblast-like cells migrated into 
the matrix. Over the subsequent 24 hours, cohesive cellular 
cords began to sprout from the aortic rings. The nximber of 
cord-like structures was highly variable and difficult to 
quantify because of the complexity of the three-dimensional 
outgrowth and abiindant fibroblast-like cells. Few cords 
appeared to arise from the cut edges of the e3q>lant, whereas 
most emerged from adventitial or intimal surfaces. 

By the third day, the cords had grown haphazardly, dividing 
into branches and forming complex arborizing patterns. At 
this time, some of the newly- formed cords had regressed, 
whereas others were still forming and developing into 
capillanry-like structures. Maximum cord elongation (2-3 mm) 
was observed after five days, after which there was rapid 
regression which was complete towards the end of the week. 
These findings were recorded in 70% of the cultures (n=15) . 

Another subject of the invention is therefore a method of 
forming new vascular structures as defined in Claim 9. 

Characterization of embryonic aorta 

Histological and immunohistochemical analyses were conducted 
to characterize the embryonic aortic tissue before culture in 
vitro in collagen gel. 

The embryonic aorta walls consisted of an endothelial lining, 
a internal elastic lamina, and several layers of spindly 
mesenchymal cells. These cells were arranged in compact 
fascicles and had ultrastructural features of poorly 
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differentiated smooth muscle, including small biindles of 
myofilaments surrounded by elastic fibres. At this time of 
the embryonic development, vasa vasorum were absent. 

Iramunohistochemistiry showed that only the cells lining the 
lumen were stained strongly for CD31 and von Willebrand 
factor (vWF) , which confirmed their mature endothelial 
phenotype. None of the other cells constituting the aortic 
wall presented a specific immunoreactivity for these 
euatibodies . 

The staining with CD34, an antigen typically expressed in 
endothelial progenitor cells but also in stem cells of other 
origins, clearly showed that not only the Ixamen but also the 
more peripheral/para-aortic cells expressed this antigen. In 
a serial section of the same explant used for the CD31 
analysis, CD34 seemed to be expressed by the para-aortic 
tissue whereas, in several sections of different rings, it 
seems to be constitutively and specifically expressed by the 
external cells of the aortic wall, suggesting that it is not, 
or not only, a para-aortic cell feature. The external cell 
layer furthermore showed a strong reactivity with antibodies 
for the vascular endothelial growth factor receptor 2 
(VEGFR2) , also known as **Flk-l", another marker of 
endothelial immaturity, which was also expressed by 
endothelial cells lining the lumen. 

Characterization of vascular-like cords 

The cellular phenotype of the cords and capillary tubes 
arising from aortic . rings was investigated by light 
microscopy, immunohistochemistry, and electron microscopy. 
The outgrowths consisted of mesenchymal spindle cells, 
sometimes forming aggregates with central necrotic cores. 
Incipient formation of capillary- like structures was often 
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evident in areas where mesenchymal cells were densely packed. 
Cohesive cells with abundant cytoplasm and prominent nuclei 
lined the capillary- type lumen of these outgrowths. These 
endothelial -like cells tended to form delicate networks of 
long straight channels which sometimes branched at an acute 
angle, Immiinohistochemical analysis showed that all of the. 
cells lining the channels stained strongly for CD31 euid CD34. 
They were also immunoreactive for vWF, though less strongly. 
The surrounding mesenchymal cells, which were not organized 
in vascular structures, were consistently negative for all of 
these markers. 

Moreover, the cells forming the neovessels as well as the 
endothelial cells lining the Itimen, stained strongly for Flk- 
l/VEGPR-2. In some rare cases, the micro-vessels seemed to 
originate both from the internal endothelial layer and from 
the periphery of the aortic section. This phenomenon was 
recorded in approximately 1 of 20 sections analyzed. In a 
very large number of histological sections, in fact, the most 
of neovascular proliferation occurred primarily in the outer 
aspects of the aortic rings whereas, in a very limited number 
of cases, it seemed to originate in the endothelial lining of 
the aortic lumen. 

These observations, together with the characteristics of the 
untreated embryonic aorta, suggest that the neovessels arose 
mainly from immature endothelial precursors (CT)34+/Flkl+) of 
the aortic external mesenchyme, i.e. that vasculogenesis 
rather than angiogenesis was the main process responsible for 
the vascular outgrowth in these cultures. 

As is known, vasculogenesis in fact consists of the de novo 
formation of new blood vessels from undifferentiated 
precursors or angioblasts. 
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By electron microscopy studies, it was found that the 
outgrowth which originated from the aorta was composed of an 
admixture of primitive mesenchymal cells, endothelial-lined 
neovessels, and cells with a mixed mesenchymal/endothelial 
phenotype, suggesting differentiation of the mesenchyme into 
endothelium. The lining of the neovessels was conposed of 
differentiated endothelial cells connected by junctional 
complexes. The endothelial cells exhibited a well-defined 
luminal /abluminal polarity and rested on a thin and 
discontinuous basal lamina. The endothelial cytoplasm 
contained abundant rough endoplasmic reticulum with focal ly 
dilated cistemae, Golgi complexes, pinocytotic vesicles, 
mitochondria, free ribosomes, and secondary lysosomes 
including osmiophilic myelin figures. Immature mesenchymal 
cells contained abundant glycogen, mitochondria, and bundles 
of microfilaments with fusiform densities which were 
particularly noticeable in sidaplasmalemmal locations. Cells 
with a mesenchymal /endothelial transitional phenotype tended 
to align to form longitudinal ordered structures and to 
establish junctional connections with one another. This 
caused the separation of newly formed luminal spaces from the 
surrounding cellular matrix. Cells secpiestrated within the 
vascular lumina as a result of these morphogenetic changes 
lost their anchorages to the surrotinding matrix and died, 
leaving behind cytoplasmic debris that was eventually found 
within the differentiated neovessels. 

Isolation of CD34+ vascular progenitor cells 

A cell suspension of freshly-dissected foetal aortas was used 
to isolate the vascular progenitor cells (CD34+CD31-) present 
in the aortic wall. 

For this purpose, the aortas can be digested with a 
collagenase-dispase solution. The resulting cell suspension 
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was analyzed for the presence of CD34+CD31- cells by reaction 
with antibodies which specifically recognize these surface 
antigens • 

For this purpose, the suspension may be incubated with 
magnetic CD31- antibody- coated beads to remove differentiated 
endothelial cells, and then with beads coated with an 
antibody against CDS 4. 

This procedure demonstrated that less than 1% of the cells 
present in the suspension were CD31-positive (CDSl-t) , whereas 
29.5 ± 2.5% of the cells were €3)34 -positive {cb34+) . 

This result was confirmed by analysis by flow cytofluorimetry 
(PACS) . 

To better characterize these cells at the time of their 
isolation, some of them were plated onto dishes coated with 
collagen- fibronect in and cultured for a short time (24 hours) 
to avoid differentiation, in basal endothelial medixim (EBM) , 
supplemented with 10% foetal calf serum (PCS) and endothelial 
cell-growth supplement {Alessandri et al., 1998, Lab, Invest. 
78:127-128) . The next day, the cells were fixed and stained 
with CD31 and vWP antibodies, not showing any 
imraunoreact ivi ty . 

Purthermore, to determine whether selected CD34+/CD31- cells 
could differentiate into mature endothelium, they were seeded 
and cultured for 7 to 10 days in the same conditions 
described above. The cells were then detached with trypsin 
and incubated with anti-CD31- coated beads. 

As a result of this treatment, 25% ± 6.5% (mean of 5 
experiments) of the initial CD34-f/CD31- cell population 
differentiated into CD34*f/CD31-t- cells, which expressed the 
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vWF marker, thus demonstrating the formation of a more mature 
endothelial phenotype. Under the same culture conditions', 
none of the CD31-CD34- cells differentiated into CD34+/CD31+ 
cells or acquired specific immunoreactivity for vWF (data not 
shown) , To further confirm the maturation process, the CD34+ 
cells were cultured for 2 to 3 weeks and then seeded onto 
Matrigel to evaluate their capability to form capillary- like 
tubular structures. In addition to the mature endothelial 
cells (CD31+) isolated from the aortic lumen and cultured 
under the same conditions, the CD34+/CD31-i- cells were also 
able to form a net of capillary- like structures after 
incubation for 24 hours. 

A further subject of the invention is therefore mature human 
endothelial cells as defined in Claim 8. 

Discussion 

Despite the recent increase in our understanding of the 
molecular mechanisms which regulate embryonic vasciilogenesis 
and angiogenesis, there is still much to learn, particularly 
in relation to human beings. In an attempt to fill this gap, 
the Applicant used the aortic ring assay {Nicosia and 
Ottinetti, 1990) to analyze the vasculogenesis properties of 
10 to 12 week-old human embryonic aortae. 

In brief, the results of this study showed that, when 
cultured in a three-dimensional collagen matrix, human 
embryonic aortic explants produce an intense outgrowth of 
capillary structures, the in vitro formation of which 
resembles the in vivo physiological process of embryonic 
vasculogenesis. The Applicant's immunohistochemical and 
ultrastructural findings suggest that these outgrowths may 
arise from the differentiation of immature CD34+ cells and 
not from pre-existing endothelial cells (CD31+) . 
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In fact, as shown by the immunohistological data, the 
immature CD34+ cells also express Flk-l/VBGFR-2, another 
marker highly expressed on the endothelial progenitor cells. 
These cells are localized in the more external mesenchymal 
layers of cells constituting the aortic wall, in strict 
correlation with the para-aortic tissue which, however, does 
not contain mature endothelial cells at this stage of 
development, as demonstrated by their negative staining for 
CD31. 

As far as the Applicant is aware, the present invention 
describes the ex vivo formation of human microvessels by 
vasculogenesis for the first time. A previous study 
conducted by other authors on fragments of. foetal human 
placenta blood vessels did not show this mechanism for new 
capillary formation. 

The Applicant's data also indicate that the process of 
endothelial cell (EC) differentiation in human beings is 
different from that which occurs with the use of mouse 
embryonic stem cells. Indeed, in contrast with mouse stem 
cells, the acquisition of CD31 antigen in human 
vasculogenesis occurs after the maturation of CD34+ cells in 
culture. Furthermore, the Applicajit's findings indicate 
that the hxunan embryonic aorta is a rich source of 
CD34+/CD31- vascular progenitor cells (angioblasts) which are 
localized all along the external layer of the aorta 
mesenchyme, probably in close contact with the para-aortic 
tissue which, at this stage of development, does not contain 
mature endothelium. 

The Applicant has found that 20-30% of the CD34+ cells 
isolated from aorta gave rise to more mature endothelium. 
The rest of the CD34+ cells have not been investigated. A 
recent study carried out using mouse embryonic stem cells 
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(Yashmita et al., 2000, Nature 408:92-96) suggested that 
endothelial and mural cells (pericytes and vascular smooth 
muscle) may originate from the same Plk-l+ precursors, but it 
is not known if this process also occurs in human beings. 
However, the Applicant suggests that, in the embryonic aorta, 
it may be possible to find and isolate primitive CD34+ Plk-1+ 
cells that may differentiate into various vascular 
phenotypes. This may be an important finding because it 
could' lead to the isolation of vascular stem cells and a 
niunber of previously published reports have indicated the 
enormous potential of multipotent stem cells in clinical 
applications. 

Given the strict correlation between the formation and the 
organization of the haemopoeietic/endothelial and nervous 
systems, the possibility of combining the treuisplantation of 
angioblasts/vascular stem cells and neural stem cells in 
degenerative diseases represents a very appealing approach 
toward improving the success of this innovative therapy. 
Furthermore, the vascular stem cells/angioblasts could be 
used to investigate the molecular mechanisms involved in 
human endothelial cell maturation and in vasculogenesis and 
the Applicant ' s model may therefore be valuable for vascular 
regeneration ^studies. Finally, these cells offer an 
important alternative for the clinical treatment of ischaemia 
and other vascular diseases and suggest possibilities for 
tissue bioengineering applications and gene therapy. 

In summary, the CD34+/CD31- vascular progenitor cells of the 
present invention, as well as the endothelial cells obtained 
by differentiation of the vascular progenitor cells, may be 
used in a series of medical applications which * may be 
siunmarized schematically as follows: 
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- neovascularization of ischaemic tissues, as a result of 
thrombotic or traumatic phenomena, 

- repair of vascular damage due to traumatic phenomena or 
phenomena of atherosclerotic origin, 

- regeneration of organs by promoting vascularization of the 
growing tissue (liver, mammary gland, etc.), 

- transplant of medullazr^ stem cells and those of other 
origin (such as neuronal stem cells) to promote establishment 
and growth, 

- establishment of grafted bony tissue, 

- in all those conditions which require establishment and 
growth of cells and tissues in the human organism, 

- production of growth and/or trophic factors for cells of 
different origin and provenance, 

- production of angiogenetic and/or vasculogenetic factors 
for therapeutic purposes in man," 

- gene therapy, 

- tissue bioengineering, cuid 

- endothelization of vascular prostheses and heart valves. 
EXAMPLES 



Preparation of aorta explants 
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Permission to use human foetal material was obtained from the 
ethical ccnnmittee of the ""Carlo Besta" neurological hospital 
and from the "L. Mangiagalli" Gynaecology and Obstetrics 
Clinic of Milan. The. foetal tissue was taken from 
therapeutically or legally aborted foetuses after signed 
consent by the donor, following the European Community 
guidelines (NECTAR Network for European CNS Transplantation 
and Restoration) . 

The human embiryonic aortas (10-12 weeks) were washed 
carefully with PBS (phosphate buffer saline) and cleaned of 
para- aortic material, taking great care not to damage the 
aorta walls. With the use of a dissection microscope, the 
aortas were cut transversely with a scalpel so as to produce 
nxjmerous rings about 1 mm thick. The material thus obtained 
was stored in DMEM (Dulbecco Modified Eagle Medium) at 4^C 
for no longer than 2-4 hours before use. 

Assessment of the vasculogenetic properties of foetal aortas 

In order to assess the ability of the foetal aorta to give 
rise to new vascular structures in vitro, some of the rings 
were cultured in a collagen solution in accordance with a 
method already standardized and p\iblished (Nicosia and 
Ottinetti, 1990, Lab. Invest. 63:115-122). 

Briefly, 7 volumes of type I collagen solution (4 mg/ml) 
prepared from rat tail {Elsdale and Bard, 1972) , on ice, was 
mixed with 2 volumes of 5x EBM medium (BioWhittaker, 
Walker sville, Maryland), and 1 volxime of HEPES (0.2 M) . Each 
well of a 12-well plate was filled with 0.7 ml of collagen 
solution which was left to gel in a humidified incubator at 
37 ®C for 1 hour. One ring was placed on each gel and a 
further 0.5 ml of collagen solution was added to cover the 
material. From 1 to 2 hours after the second collagen layer 
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had gelled, 1 ml of EBM growth medium (Alessandri et al, 
1998) was added. The plates were incvibated for up to 10 
days. The medium was changed every 2 days. 

By means of this culture method, the Applicant has shown that 
foetal aorta explsmts possess the property of forming new 
cord structures which are composed of cells that express 
markers typical of differentiated endothelial cells (CD31, 
CD34, Flk-l/kDR, vWF), whilst maintaining an apparent state 
of morphological immaturity, as . is cleeo: from a careful 
ultrastructural examination (see the section on 
''Characterization of vascular-like cords"), thus suggesting 
that the vascular structures originating from the cultures of 
the aortic rings are vessels formed by means of a 
dif ferentiational/vasculogenetic process, rather than an 
angiogenetic process (that is, deriving from 
differentiated/mature endothelial cells pre-existing in the 
aorta lumen) • 

Localization of the vascular progenitor cells in the aortic 
tissue 

The identification of the vascular progenitor cells 
(angioblasts) in the aortic stroma was performed by 
immunocytochemical methods. With the use of a monoclonal 
antibody, which recognizes the CD31 membrane antigen (PECAM) , 
which is normally expressed on the differentiated mature 
endothelium, it was possible to show that only the cells 
lining the aortic Ivunen were positive to this antigen, 
whereas all of the other mesenchymal cells of the stroma were 
negative. However, with the use of a second antibody which 
recognizes the CD34 surface antigen, an antigen typically 
expressed in endothelial cell progenitors {CD34 also 
represents a marker of stem cells of other tissue origin, 
such as , for example the bone marrow) , it was possible to 
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show that a considerable quantity of cells present in the 
peripheral area in the vicinity of the para-aortic tissue 
were positive to this marker. Thus, whereas the mature 
endothelial cells of the lumen were positive both to CD31 and 
to the progenitor cells/angioblasts were positive only 

to CD34. Moreover, the endothelial progenitor /angioblast 
does not express the maturation marker as Factor VIII (vWP) 
which, however, is typically expressed in the mature 
endotheliim. 

Isolation of vascular progenitor cells from aorta escplants 

Some of the rings which were not used for the evaluation in 
the ex vivo neovascular formation test were further broken up 
with scissors, after repeated washing with PBS. The fragments 
were washed by centrifuging (1200 rpm x 10' at 4<*C) and were 
then transferred into a 0.25% (weight over voliime) 
collagenase/dispase solution (Boehringer, Mannheim, Germany) . 
The material under test was transferred to a thermostatic 
bath at 37^0 and left with agitation for 16 hours 
(overnight) . Upon completion of the incxibation, the aortic 
material was completely digested. The aorta pellet thus 
obtained was washed with phosphate buffer saline (PBS) and 
resuspended in 1 ml of DMEM containing 0.2% of BSA (bovine 
serum albumin) . The aorta cells were then counted: usually 
about 1.2 X 10® were obtained per aorta. Phenotype analysis 
by cytofluorimetry generally showed a presence of about 1-3% 
of CD31+CD34- cells and a percentage of about 30-40% of 
CD34+CD31- cells. The cell suspension was then used to 
isolate the vascular precursors. The isolation of the 
endothelial progenitor cells was performed with the use of 
magnetic beads treated with antibodies which recognize 
antigens that are present on the precursors and absent in the 
differentiated cells. 
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For this purpose, the cell suspension (about 10^ cells) was 
initially incubated (30' at 4<>C on a rotary stirrer) (ratio 
of cells/beads 1:1) with beads (10^) treated with antibodies 
against CD31 (DAKO, Carpinteria, California) . All of the 
mature endothelial cells which e^ressed CD31 bound to the 
beads and could be removed from the other cells by means of a 
magnet (Dynal, Oslo, Norway) . It was thus possible to remove 
all of the CD31-I- cells present from the cell suspension (the 
separation procedure may be repeated several times) . The 
remaining cells were then incubated with further magnetic 
beads treated with antibodies which recognize CD34 or the 
cuitigen AC133 (which is also expressed on the endothelial 
precursors but absent on the mature endothelium) . The cells 
which bound to the CD34 or AC133 could easily be recovered by 
means of a magnet. The percentage of CD34+AC133+ cells which 
could be recovered from about 10^ aorta cells was about 30- 
40%, which percentages are similar to those quantified in the 
cell suspension by flow cytof luorimetry. 

Isolation of the vascular progenitor cells from foetal heart 
and liver 

After digestion of the tissues with a collagenase/dispase 
solution, * the cell suspension obtained was filtered with 
filters with 10 pm porosity to remove all of the cell 
aggregates which were not completely broken up, whilst the 
individual cells in suspension were recovered and washed with 
PBS. The cells obtained were then incvibated for 30' at 4«C 
with Milteni anti-AC133 magnetic micro-beads with a quantity 
equal to about 100 pi per 10® isolated cells. After 
incubation, all of the cells expressing the AC133 antigen 
(the antigen which is expressed on the endothelial precursors 
and absent on the mature endotheliiun) on their surface could 
be recovered with the use of a column connected to a magnet, 
the AC133-I- cells remained caught in the column whilst the 
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other, ACias- cells passed through the coliunn* The AC133+ 
cells were then recovered easily by detaching the column from 
the magnet and washing the colximn several times with PBS. 
However, not all of the AC133+ cells were a pure population 
of vascular progenitors since the progenitors are 
characterized by possessing both of the antigens AC133 and 
CD34 on the membrane. Once the AC133+ cells had been 
obtained, they were therefore incubated with magnetic beads 
(Dynal, Oslo, Norway) treated with antibodies which recognize 
CD34 (this antigen is expressed on the vascular precursors 
and also on the mature endothelial cells) • This step enabled 
the AC133+CD34+ cells to be separated from the AC133+CD34- 
cells and an almost pure population of vascular progenitor 
cells thus to be obtained. The percentages of CD34-positive, 
AC133 -positive, and CD34+AC133+ doubly positive cells 
recovered per 10^ cells evaluated were 27%, 10% and 3%, 
respectively, for digested foetal liver and 35%, 7% and 1.3% 
for heart. The percentages of CD34+AC133+ cells in the 
AC133+ population were of the order of 30% for liver and 13% 
for heart. 

Phenotype characterization of the endothelial progenitors 

Some of the cells separated by the magnetic beads which bound 
CD34 or AC133 were characterized phenotypically to further 
check the absence of CD31 and vWF. An aliquot of purified 
cells (about 10^) was seeded on glass slides treated with a 
collagen solution and fibronectin (as described by Alessandri 
et al Lab. Invest. 1998, 78:127-128) and left to incubate at 
37®C for about 24 hours in a culture medium composed of BBM 
(endothelium basal medium, BioWhittaker, Walkersville, 
Maryland) containing 10% of PCS (foetal calf serum) . Upon 
completion of the incubation, the adherent cells were fixed 
with 4% paraformaldehyde in PBS, pH 7.4 for 10' at room 
temperature. 2-3 washings with PBS (0.1% Triton-X) were 
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followed by a washing with a 10% guinea-pig serum medium 
(NGS) (Gibco, Grand Island, New York) . The glass slides were 
then incubated with mouse anti-hiaman CD31 monoclonal antibody 
or. anti-human vWF (used at dilutions of 1:100 and 1;80, 
respectively) (purchased from Sigma, St. Louis, Missouri) 
for about 90 » at 37^C. After two washings with PBS, the 
cells were incubated with a solution (1:300) of cyanine dye- 
labelled goat anti-mouse or anti-rabbit immunoglobulin G 
(IgG) {Cy2, Jackson Imraunoresearch, Pennsylvania), 
respectively, for about 45 » at room temperature. After 
drying of the preparation in air, the fluorescent cells were 
displayed and photographed with a Zeiss Axiophot-'2 microscope 
(Zeiss, Oberkochen, Germany) • Generally, after 

immunocytochemical analysis, less than 19% of the 
CD34+/AC133+ cells were CD31 positive and 0% were positive to 
vWP within 24- hours after seeding. 

Experimental evaluation of the differentiation properties of 
the precursors in mature endothelial cells 

Once the negativity of the Applicant's preparation of 
endothelial precursors to the maturation markers CD31 and vWF 
had been established, the cells were cultured in a medium 
which induced differentiation of the CD34+ progenitor cells 
into mature endothelial cells. The differentiation medium 
(M--2) was composed of the following components: MI 99 
(Gibco) , containing' 20% of FCS, 10% of Condimed (Boehringer, 
Mannheim, Germany) , heparin (lOpLg/ml) (Sigma) , basic 
fibroblast growth factor (bFGF) (20ng/ml) (Sigma) , plus 
vascular endothelial growth factor (VBGF) .(5ng/ml) (R&D 
System, Inc., Minneapolis, MN) . The Cb34+/AC133+ cells were 
seeded in plastics cell-culture flasks treated with type I 
collagen (Calf Skin, Boehring, Mannheim, Germany) Ijig/cm^ and 
bovine plasmatic fibronectin (SIGMA) Ipg/cm^. After 
adhesion, the cells were cultured at 21 in 5% CO2 with M-2 
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for about 5-7 days. Upon completion of the incubation, the 
cells were detached from the plastics with trypsin, washed 
with PBS and co\inted. The cells were then incxibated 
(procedure as described above) with anti-CD31 magnetic beads 
to isolate the mature endothelial cells. Generally, about 
25-35% of the CD34+CD31- cells initially seeded 
differentiated into CD34+CD31+/vWP+. 

The endothelial cell cultures derived by differentiation in 
vitro from foetal aorta vascular progenitor cells expressed 
some classical phenotypical and functional features of 
cultures of mature endothelial cells isolated both from 
foetal tissues and from adult human tissues. In particular, 
like all endothelial cells, when cultured on Matrigel 
(Necton-Dickinson, Bedford, Massachusetts) , they were able to 
form capillary structures similar to human capillary vessels 
in vitro. This ability to form vascular-like structures in 
vitro is a very specific property of endothelial cells. 

Expansion of endothelial progenitors 

The CD34+AC133+ cells from aorta explants can be amplified in 
vitro by. culture in a culture medium which keeps some of them 
in the state of immature cells. The culture medium defined 
as "medium-6" (M-6) is composed of the following elements: 
BBM medium + 10% FCS + 10% Condimed + 10% H-I (hormone mix; 
400 ml of H-I are coit5>osed of: 40 ml of DMEM/P12 lOX, 8 ml of 
30% glucose, 6 ml of 7.5% NaaHCOa, 2 ml of IM HBPES, 322 ml 
of sterile apyrogenic HaO, 400 mg of apotransferrin (SIGMA) , 
100 mg of insulin (Sigma) dissolved in 2 ml of 0.1 N HCl, 
38,64 mg of putrescine (Sigma), 40 jil of 3xlO"^M selenium 
(Sigma) , 40 pi of 2xlO"^M progesterone (Sigma) ) . 



CD34+ cells kept in M-6 retain properties of immature cells 
(CD34+CD31-) for at least 3 weeks of culture. After this 
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period, a progressive percentage (50%) of €0334+ loses this 
antigen and is no longer able to differentiate into mature 
endothelium, whereas the remaining percentage retains the 
ability to differentiate. T^> to now, it is not known to what 
extent it is possible to keep the CD34+ in the 
undifferentiated form. 

Liver and heart AC133+CD34+ cells can be amplified in culture 
in a manner similar to that already described for the aorta • 
The culture medium for the es^ansion of the vascular 
progenitor cells from liver and heart is preferably composed 
of medixam 199 supplemented with 10% PCS, 10% Condimed 
(Boehringer, Mannheim) 20 ng/ml bFGP, 20iig/ml heparin, and 
10% hormone mix. Many CD34+AC133+ cells kept in this medium 
retain properties of immature cells, remaining negative, to 
CD31 (markers of acquisition of endothelial maturity) for 
several weeks. However, some acquire CD31 spontaneously and 
can be separated with the aid of magnetic beads treated with 
anti-CD31 antibodies in order to be cultured separately (for 
example, to develop a culture of mature endothelial cells) . 
This ability to differentiate spontaneously into mature 
endothelial cells persists for at least 3-4 generations 
(about 4-5 weeks of culture) after which many of the initial 
CD34+AC133+ cells tend to lose both the markers which 
chcuracterize them and the ability to differentiate into 
mature endothelium. 

Flow cytometry analysis on digested aortas 

Flow cytofluorimetry analysis was performed on the total 
mixed cell population obtained by collagenase-dispase 
digestion of the aortic fragment. About 1 x 10^ cells were 
collected, stained and incubated in the dark for 30 minutes 
at 40c with fluoresceinated (FITC) anti-CD34 antibody and 
with anti-CD31 phycoerythrinated (PE) antibody (Becton 
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Dickinson, San Jose, California ( dilution 1:10). After two 
washings with PBS, the cells were analyzed by flow 
cytofluorimetry with the use of a FACSscan (Becton Dickinson, 
Mountain View, California) . 

Histplogy and Immunichemistry 

Formalin- fixed tissues were included in paraffin following 
standard histology techniques. Four-micrometer serial 
sections were transferred to glass slides coated with poly- 
lysine and rehydrated by immersion in 100% xylene and in a 
series of ethanol solutions of decreasing concentration 
(100%, 95%, 90%, 80% and 70%) . The sections were then heat- 
treated in a microwave cooker to enhance antigenicity and 
allow epitope tinmasking: twice for 5 minutes each in ImM 
EDTA pH8, for CD31, CD34 and vWF antigens, and three times 
for 4 minutes each in O.OIM citrate buffer pH6 for the Plk-1 
antigen. Endogenous peroxidases were inhibited for 15 
minutes at room temperature with 3% hydrogen peroxide. The 
samples were then blocked for 20 minutes with 20% normal 
blocking serxim and then stained with a mixture of primary- 
antibodies produced in mouse or rabbit and directed against 
the following human markers: anti-CD31 (Becton-Dickinson) 
diluted 1:10, 30 minutes at room temperature; anti-CD34 
(Serotec, Raleigh, Nort.h Carolina) diluted 1:50, 30 minutes 
at 370c, anti-vWP (Dako) diluted 1:20, 30 minutes at room 
temperature, and anti-Flk-1 (Santa Cruz Biotechnology, Santa 
Cruz, California) diluted 1:50, 45 minutes at room 
temperature. After repeated washings, the sections were 
incubated for 30 minutes with the anti-iiranunoglobulin 
antibodies of species conjugated to biotin and processed 
according to the avidin/biotin peroxidase complex method with 
kit reagents (mouse IgG and rabbit IgG Vectastain; Vector 
Laboratories, Burlingane, California) . Peroxidase activity 
was shown with 3 , 3 ' -diaminobenzidine (Menarini-Biogenex, San 
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Ramon, California) in PBS and staining with haematoxylin- 
eosin. To exclude false positives produced by non-specific 
binding of the secondary antibody, all of the tissues were 
treated in the same manner with buffer substituting for the 
primary antibody. 

Cord formation on Matrigel 

270 microlitres of Matrigel (12.5 mg/ml) (Becton Dickinson, 
Bedford, Massachusetts) at 4**C were transferred to pre- 
chilled 24 -well culture plates, using sterile pipette tips 
that had been cooled to -20<*C before use. After gentle 
agitation to ensure a even coating, the plates were incubated 
for 30 minutes at 37^C to allow the Matrigel to solidify. 
The CD34+/CD31- cells were then seeded at a concentration of 
6 X 10^/well in EBM medivim (Alessandri et al,, 1998). Cord 
formation was shown after incubation for 24 hours. 

Electron microscopy 

Selected cultured explants were fixed in 2.5% glutaraldehyde 
immediately after preparation, post fixed in osmium tetroxide, 
embedded in Bpon-Aaraldite and observed under a Zeiss CEM 902 

microscope . 
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CLAIMS 

1. Human CD34+/CD133- vascular progenitor cells which are 
capable of forming new vascular structures in vitro by- 
culture in a three-dimensional collagen matrix, and which are 
obtainable by isolation from a tissue selected from explants 
of human foetal aorta, human liver and human foetal heart. 

2. Cells according to Claim 1, characterized in that said 
isolation coinprises the steps of: 

a) producing a cell suspension from a tissue selected from an 
explant of human foetal aorta, human liver, and human foetal 
heart, 

b) identifying within said cell suspension the cells which 
express the CD31 surface antigen, by reaction of cell 
suspension with a first antibody which binds the CD31 antigen 
specifically, 

c) removing from the cell suspension the cells which express 
the CD31' antigen, which were identified in the previous step, 
thus obtaining a suspension of CD31- cells, 

d) identifying in said suspension of CD31- cells the cells 
which express the CD34 surface antigen, by reaction of said 
CD31- cell suspension with a second antibody which binds the 
CD34 antigen specifically, and 

e) removing from the CD31- cell suspension the cells which 
e3q>ress the CD34 antigen, which were identified in the 
previous step, thus obtaining CD31-/CD34+ cells! 

3. Cells according to Claim 1 or Claim 2, characterized in 
that they are capable of being escpanded in vitro in an 
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undifferentiated form by culture on endothelial basal culture 
medium (EBM) containing, in addition, 10% foetal calf serum, 
10% Condimed, and 10% hormone mix* 

4. Cells according to any one of Claims 1 to 3, cliaracterized 
in that they are capable of being expanded in vitro by 
culture on the endothelial basal culture medium (EBM) whilst 
remaining in an undifferentiated form for a period of at 
least 3 weeks. 

5. A method of isolating vascular progenitor cells according 
to any one of Claims 1 to 4, comprising the steps of: 

a) producing a cell suspension from a tissue selected from an 
explant of human foetal aorta, hximan liver, and himian foetal 
heart , 

b) identifying within said cell suspension the cells which 
express the CD31 surface antigen, by reaction of said cell 
suspension with a first antibody which binds the CD31 antigen 
specifically, 

c) removing from the cell suspension the cells which express 
the CD31 antigen, which were identified in the previous step, 
thus obtaining a suspension of CD31- cells, 

d) identifying in said suspension of CD31- cells the cells 
which express the CD34 surface antigen, by reaction of said 
CD31- cell suspension with a second antibody which binds the 
CD34 smtigen specifically, and 

e) removing from the CD31- cell suspension the cells which 
express the CD34 antigen, which were identified in the 
previous step, thus obtaining CD31-/CD34+ cells. 
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6. A method according to Claim 5 in which the first antibody 
which binds the GDI antigen specifically is bound to a first 
solid stabstrate and the second antibody which binds, the CD34 
antigen specifically is boiond to a second solid substrate. 

I. A method for the preparation of mature CD31+vWP+ 
endothelial cells comprising the culture, in vitro, of 
progenitor cells according to any one of Claims 1 to 4 on MI 
99 medium containing 20% of foetal calf serum, 10% of 
Condimed, lOpg/ml of heparin, 20 ng/ml of bFGP, and 5ng/ml of 
VEGP. 

8* Mature CD31+vWF+ endothelial cells obtainable by the 
method according to Claim 7. 

A method of forming new vascular structures in vitro, 
comprising the culture of cells according to any one of 
Claims 1 to 4 and 8 in a three-dimensional collagen matrix* 

10. Cells according to any one of Claims 1 to 4 and 8, for 
use in the regeneration of vascular structures. 

II. Cells according to any one of Claims 1 to 4 and 8 for use 
in the repair of vascular damage. 

12. Cells according to any one of Claims 1 to 4 and 8 for use 
in the trauisplant of cells and/or tissues for promoting the 
establishment and/or growth thereof. 

13. Cells according to Claim 12 for use in the transplant of 
medullary or neuronal stem cells. 

14. Use of cells according to suiy one of Claims 1 to 4 and 8 
in the repair of vascular damage, and/or the regeneration of 
vascular structures, and/or the transplant of cells and/ or 
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tissues to favour the establishment and/or the growth 
thereof . 
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